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Compact FSS absorber design using resistively loaded quadruple hexagonal loops for bandwidth enhancement S. N. Zabri, R. Cahill, and A. Schuchinsky This letter presents the design of a thin microwave absorber which exhibits a -10 dB reflectivity bandwidth of 108% at normal incidence and 16% for simultaneous suppression of TE and TM polarised waves over the angular range 0-45. The structure consists of a 3 mm thick metal backed frequency selective surface (FSS) with four resistively loaded hexagonal loop elements in each unit cell. The surface resistivity and width of the loops are carefully chosen to maximise the bandwidth by merging the reflection nulls that are generated by the multi resonant absorber. Measurement and simulation results are in good agreement over the broad frequency range 7.8 -24 GHz.
Introduction: Microwave absorbers based on resistively loaded high impedance surfaces [1] are an attractive option for providing radar cloaking where the main design drivers are weight and thickness. However the reflectivity bandwidth of this class of absorber is proportional to the structure thickness [2] - [6] , which is determined by the gap between the FSS and ground plane. In [2] a -10 dB reflectivity bandwidth of 109% was obtained from a 5 mm thick metal backed resistively loaded single square loop FSS array. This was designed to resonate at the two frequencies where the imaginary component of the FSS impedance is cancelled by the inductance and capacitance presented by the ground plane with gap widths of < /4 and > /4 at the lower and upper frequencies respectively. The FSS absorber studied in this paper is shown to give a similar bandwidth, however the ground plane spacing is < /4 at all frequencies where the reflectivity is below -10 dB. Moreover because the structure is 40% thinner, the figure of merit (FOM), which is defined as the common (TE/TM) bandwidth divided by the physical thickness normalised to the centre working frequency, is significantly larger, 670 compared to 470 in [2] . For this arrangement, radar backscatter suppression occurs at four frequencies where the complex impedances of the individual hexagonal loops cancel the inductance which is presented by the ground plane. In [3] , [5] , [7] - [9] the simulated backscatter suppression for various resistively loaded thin FSS absorbers based on single and nested square loop elements has been reported, but only for normal or small incidence angle operation. The structure depicted in Fig. 1 which was studied in this paper, exhibits higher FOM values except for the arrangement reported in [7] , where numerical results are presented for a FSS design with different surface resistances for the 5 individual nested elements in the range 4 -1680 Ω/square. In contrast, our methodology enables the use of the same surface resistance for all four hexagonal loops in the unit cell which significantly simplifies the construction and manufacture of the FSS. Bi-static measured results obtained for an absorber with an FSS that was fabricated by patterning a uniform thickness film of commercially available shielding paint [10] are shown to be in good agreement with numerical predictions for TE and TM waves incident at 0, 22.5 and 45.
Absorber Design and simulated performance: CST Microwave Studio EM simulator was employed to optimise the design, obtain the physical dimensions and compute the radar backscatter from the thin metal backed FSS absorber. The unit cell arrangement shown in Fig. 1 , consists of four hexagonal loops printed on a 0.13 mm thick substrate with permittivity r=2.2 and loss tangent tan = 0.0009 (Taconic TLY-5). The array elements are separated from the ground plane by a 3 mm thick lossless foam spacer with permittivity 1.05 (Rhoacell). A tightly packed hexagonal loop FSS exhibits a wide reflection bandwidth [11] and less sensitivity to incidence angle than most other commonly used array geometries. Moreover the slow frequency variation in impedance around resonance is a desirable feature for broadbanding this class of absorbers, given that maximum radar backscatter suppression occurs when the imaginary part of the FSS impedance is cancelled by the inductance presented by the ground plane. Total absorption of the incident waves is obtained when the surface resistance of the hexagon loops is chosen to give an impedance of 377 Ω at the screen surface. The electromagnetic performance of the absorber was optimised for normal incidence using a three stage iterative design process:
(1) Resonances corresponding to the centre of the four absorption bands were excited at pre-determined frequencies (6.5, 12.2, 18.5 and 31GHz) by adjusting the length of the individual copper hexagonal loops to obtain a reflection phase of 0 at the centre of each band.
(2) The surface resistance of each loop was increased to reduce the magnitude of the four reflection nulls below -10 dB and simultaneously merge these to broadband the absorber. Numerical predictions show that four different surface resistance values, one for each loop, are required to optimise the electromagnetic performance.
(3) By varying the conductor widths and gaps between the four individual hexagons in each unit cell, a modified FSS design with a similar performance as at step (2) was obtained using a single value of surface resistance (27 ohm/sq) for all four loops. Given that this design parameter is inversely proportional to the thickness of graphite and carbon based shielding paint [1] , [2] , construction of the absorber is made easier because the periodic array can be patterned on a resistive ink film of uniform thickness. Fig. 2 (a) depicts the computed reflection loss for the absorber operating at normal incidence where the symmetry afforded by the element shape gives identical spectral responses in the TE and TM plane. The -10 dB reflectivity bandwidth is predicted to be 108% (7.1-24 GHz), and with a total structure thickness of 3.13mm the FOM is 670. This figure of merit is higher than most previously reported thin FSS absorbers working at normal incidence, and compares favourably with the 308 value for the classical /4 thick Salisbury screen [12] . Angular sensitivity is an important consideration when the absorber is required to suppress radar backscatter over a range of angles. We have therefore investigated the performance of the structure when illuminated by TE and TM waves incident at 22.5° and 45°. The results depicted in Fig.  2(b) and (c) show that there is an upward shift of the centre resonant frequency for TM polarised waves, whereas angular stability in conjunction with a reduction in the reflectivity levels and bandwidth are observed in the TE plane. For an absorber working between normal incidence and 22.5°, the common reflectivity bandwidth and FOM in the TE and TM planes is predicted to be 99.8% (FOM=622) and 98.1% (FOM=585), respectively. If the angular range of the incident waves is increased up to 45° these values reduce to 25.1% (FOM=142) and 36.6% (FOM=174). The numerical results also show that the 3 mm thick absorber suppresses radar backscatter by at least 90% between 16.4 GHz and 19.18 GHz (16%), when used for dual polarisation cloaking from 0 to 45 incidence.
Fabrication and measured Results:
A 1515 cm 2 metal backed 3 mm thick FSS absorber was fabricated and measured to validate the design methodology and numerical simulations presented in the previous section. The FSS was composed of a doubly periodic array with 13  16 unit cells printed on a 0.13 mm thick Taconic TLY-5 microwave laminate (r=2.2 and tan = 0.0009) and bonded to a 3 mm thick Rhoacell spacer backed by an aluminium plate. Y Shield HSF-74 [10] electro conductive shielding paint was used to form the elements on the surface of the substrate by transferring the array pattern using a Linoleum sheet template. A photograph of the 208 unit cell sheet is shown in Fig. 1(b) . Y Shield HSF-74 is a graphite and carbon black based material which is reinforced with long conductive fibres providing up to 36 dB signal attenuation at frequencies up to 18 GHz when applied at a coverage rate of 7.5 m 2 /l [10] . Physical measurements of the average paint film thickness were made using a Tencor Alpha-
Step 200 Profilometer and the inverse relationship between surface resistance and thickness shown in Fig. 6 of reference [1] , was used to obtain an average experimental value of 35 ohm/sq for the 43 μm thick loops. Time-gated bi-static reflection measurements were made in an anechoic chamber relative to a 1515 cm 2 metal plate that was placed 30 cm 2 distance from the apertures of three pairs of standard gain horns which cover the frequency range 7 -27 GHz. The experimental reflectivity plots for the FSS absorber at 0, 22.5 and 45 incidence shown in Fig. 2 compare favourably with the simulations that were based on the nominal design dimensions of the FSS and a modelled surface resistance value of 27 ohm/sq. The measured -10 dB reflectivity bandwidth is 102% at normal incidence, and for TE(TM) incidence 95.1% (83.2%) working from 0 to 22.5, and 54% (50%) in the range 0 to 45. These values correspond more closely to simulations obtained for a FSS constructed with elements that exhibit a surface resistance of 35 ohms/sq (not plotted in Fig. 2 for brevity) . Conclusion: Numerical results have been employed to show that a 3 mm thick FSS based microwave absorber can be designed to supress microwave radiation at normal incidence over a bandwidth of 108% centred at 15.6 GHz, and 16% when exposed to both TE and TM waves, incident over an angular range 0 to 45. An important outcome from this work is the demonstration of a new design methodology which simplifies the fabrication of the absorber by making the surface resistance and hence ink thickness the same for all the four nested loops in the FSS unit cell. The simulated performance was validated by measuring the radar backscatter from a grounded FSS composed of a patterned layer of high frequency paint which is normally employed to provide electromagnetic shielding of buildings [10] . 
